Inhibitory synaptic inputs to hypoglossal motoneurons (HMs) are important for 32 modulating excitability in brainstem circuits. Here we ask whether reduced inhibition, 33 as occurs in three murine mutants with distinct naturally occurring mutations in the 34 glycine receptor (GlyR), leads to intrinsic and/or synaptic homeostatic plasticity. 35
Introduction 55
adult (ie, α1/β) form of the GlyR. Within the first two to three weeks after birth the 88 three mutants exhibit a similar and easily recognized "startle" phenotype, which 89 suggests impaired control of motoneuron excitability (Biscoe and Duchen 1986; 90
Graham et al. 2006; Simon 1997). 91 92
In spite of these defects in inhibitory synaptic transmission two of the mutants, spd 93 and spa, survive and breed successfully. The ot mutant, however, dies about three 94 weeks after birth. Thus, these three mouse lines provide an opportunity to ask if long-95 term impairment in glycinergic transmission can trigger changes in the intrinsic and 96 synaptic properties of motoneurons (ie, homeostatic plasticity), and whether this 97 differs between the mutants. We have examined this issue by studying a combination 98 of intrinsic and inhibitory synaptic properties in hypoglossal motoneurons (HMs) 99 from brainstem slices. We use HMs as our test neuron for several reasons. HMs 100 innervate muscles of the tongue and their excitability plays a critical role in 101 behaviours such as chewing, swallowing, suckling, vocalization and respiration 102 
Intrinsic properties of HMs 156
Patch pipettes (3-4 MΩ resistance) were prepared from thin walled borosilicate glass 157 (PG150T-15, Harvard Apparatus, Kent, UK), and filled with a potassium-based 158 internal containing (in mM): 135 KCH 3 SO 4 , 6 NaCl, 2 MgCl 2 , 10 HEPES, 0.1 EGTA, 159 2 MgATP, 0.3 NaGTP, pH 7.3 (with KOH). Whole cell patch clamp recordings were 160 made using a Multiclamp 700B Amplifier (Molecular Devices, Sunnyvale, CA). The 161 whole cell recording configuration was first established in voltage clamp mode 162 (holding potential -60 mV). Series resistance was measured from the averaged 163 response (five trials) to a 5 mV hyperpolarizing pulse. This was measured at the 164 beginning and end of each recording session and data were rejected if values changed 165 by > 20%. Input resistance was obtained by calculating the chord conductance across 166 a minimum of four responses to incrementally increasing hyperpolarizing current 167 injections (50 pA increments in current clamp recording mode). 168
169
Once the whole cell recording mode was established, several stimulus protocols were 170 applied to each HM to study intrinsic properties. Firstly, in voltage clamp, wedelivered every 4 s (10 times) and the responses were averaged for analysis. We then 174 switched the recording mode to current clamp and the membrane potential recorded ~ 175 15 s after this switch was taken as the neuron's resting membrane potential (RMP). 176
All membrane potential values have been corrected for a calculated 10 mV liquid 177 junction potential (Barry and Lynch 1991). In order to record single APs a series of 178 short duration depolarising steps (20 pA increments, 2 ms duration) were applied 179 from RMP. Several measurements were then made on these APs (see Table 2 ). Small 180 bias currents (< 50 pA) were then injected into the recorded HM to maintain 181 membrane potential at -70 mV. AP discharge was examined from this potential by 182 applying: 1) a series of long depolarising and hyperpolarizing current steps (50 pA 183 increments, 1 s duration); and 2) triangular ramp currents (peak amplitude of 1 nA, 184 3.5 s rise and fall). Rheobase current was taken as the minimum current needed to 185 evoke an AP during a 1 s period of depolarizing current injection. 186
187

Properties of GABAergic quantal currents (mIPSCs) in HMs 188
We have shown previously in spinal cord dorsal horn neurons that reduced 189 glycinergic drive in spa is accompanied by compensatory upregulation in 190 Onsets of APs were identified using the derivative-threshold method to detect the 215 inflection point; with dV/dt set at 20 mV/ms. AP properties were measured for 216 rheobase APs, generated by short duration depolarising steps (20 pA increments, 2 ms 217 duration). The rheobase current was taken as the minimum current step that would 218 evoke one AP. The difference between AP threshold and the maximum positive peak 219 was taken as AP amplitude. AHP current amplitude was measured as the difference 220 between AP threshold and the maximum negative peak. Finally, AP half-width was 221 measured at 50% of the AP's maximum positive peak. 222
223
The derivative threshold method was also used to detect APs evoked during injection 224 of long duration depolarising steps and slow triangular current ramps. We calculated 225 the instantaneous frequency as the reciprocal of the interspike interval. Mean AP 226 frequency was taken as the average of all instantaneous frequencies for APs evoked 227 by a single current step. Frequency/current plots (F/I plots) were generated using 228 mean frequency (per current step) and the corresponding current amplitude. 
Statistics 258
All analysis was undertaken using SPSS software (SPSS v.10, SPSS Inc, Chicago, 259 IL). ANOVA was used to compare variables across genotypes. Scheffe post hoc tests 260 were used to determine which genotypes differed. Data that failed Levene's test for 261 homogeneity of variance were compared using the nonparametric Kruskal-Wallis test, 262 followed by Tamhane's T2 post hoc test. G-tests, with Williams' correction, were 263 used to determine if the incidence of rebound spiking differed between genotypes. 264
Statistical significance was set at P < 0.05 and all data are presented as means ± SEM. 265
Results
272
Figure 1 and homozygotes, as our previous paper. Each mutation dramatically reduced glycinergic 277 mIPSC amplitude compared to wt values in the order spd > spa > ot (Fig 1 and Table  278 1). This was most notable in the spa and ot mutants. The effect of each mutation on 279 GlyR kinetics varied: mIPSC decay time was unaltered in spa, decreased in spd, and 280 increased in ot (Table 1) . Together, these data show the three mutations dramatically 281 effect GlyR-mediated inhibition, but via different physiological mechanisms. 282
283
The presence of any GlyR mediated mIPSCs in the ot animals is worthy of comment 284 as this mouse is considered a null mutation for the adult form of the GlyR 285 few mIPSCs we recorded in ot HMs were generated by fetal glycine receptors (ie, 287 containing α2 subunits), which persist after the switch from the fetal to adult form of 288 the GlyR at about P14. This interpretation is supported by the slower decay time of 289
GlyR mIPSCs in the ot animals (Table 1) , a distinguishing feature of fetal GlyRs 290 (Singer et al 1998). We believe the best explanation for the low mIPSC frequency is 291 that there are only a few GlyR clusters (ie, synapses) in ot HMs. 292
293
Intrinsic properties of HMs 294
Data on the intrinsic properties of HMs were obtained from 230 HMs from 57 animals 295 (wt = 16; spd = 17; spa = 12; and ot = 12). Data were grouped according to genotype 296 and the mean age (days) for each genotype is presented in Table 2 . We made every 297 effort to ensure animals were age-matched at the time of recording, however, the 298 mean age of spd and ot animals differed from wt. Spd animals were slightly older 299 (25.2 ± 0.8 vs 21.3 ± 0.5 days). Ot animals were younger (18.6 ± 0.1 vs 21.3 ± 0.5 300 days) because the oscillator mutation is lethal by ~P21. Previous studies on the 301 development of inhibitory synaptic transmission in HMs suggest such comparisons 302 are valid (Singer et al. 1998) . 303
Membrane and action potential properties 305
Results for membrane and action potential properties of HMs across genotypes are 306 shown in Table 2 . Input resistance (R IN ) and resting membrane potential (RMP) were 307 similar in wt, spd and ot HMs. In contrast, spa HMs had lower input resistance and a 308 more depolarised RMP compared to both wt data and the other mutants. Furthermore, 309
AP threshold was more depolarised in spa and ot HMs compared to wt. As might be 310 expected, based on their lower input resistance and higher AP threshold, rheobase 311 current was higher in spa HMs. In addition, spa HMs had smaller AP amplitudes 312 compared to wt HMs. Collectively, these results indicate spa HMs exhibit a reduced 313 intrinsic excitability. 314 315
Properties of action potential afterhyperpolarisation 316
We recorded the outward afterhyperpolarisation (AHP) current in HMs by injecting a 317 large depolarising pulse (to -10 mV from a holding potential of -60 mV, 2 ms 318 duration) and compared the properties of the AHP current across genotypes (Fig. 2) . 319 No significant differences were observed in the amplitude of the AHP current ( Fig.  320 2B), however, the decay time constant of the AHP current was longer in spa HMs 321 compared to wt (Fig. 2C ), suggesting that potassium conductances underlying the 322 AHP current are prolonged in this mutant. 323
324
Responses to depolarizing current injection 325
Injection of square current steps of increasing amplitude (50 pA increments, from a 326 membrane potential of -70 mV, 1 second duration) resulted in tonic AP discharge in 327
HMs from all four genotypes. Example responses to three levels of current injection 328 in a wt HM are shown in Figure 3A with plots of the associated instantaneous 329 frequency during the current steps shown in Figure 3B To characterize the steady state F/I relationship for each neuron, mean frequency was 336 measured for each level of injected current. To facilitate averaging among neuronsSuch normalized F/I data indicate the change in discharge frequency with increased 339 current (in pA) above rheobase. Figure 3C shows the averaged F/I relation for each 340 genotype with each curve offset along the horizontal axis by the average value of the 341 rheobase current for that genotype. From these F/I relationships, we compared three 342 features that represent different aspects of intrinsic excitability across genotypes: 1) 343 rheobase current indicating how readily a neuron can be brought to threshold for 344 repetitive discharge, 2) discharge frequency at rheobase indicating the minimal 345 frequency upon which discharge rate can be modulated, and 3) gain (average slope of 346 F/I relation) indicating the efficacy by which increases in depolarizing current are 347 transformed into augmented spike-frequency output. A fourth feature, namely 348 maximal firing frequency, was not measured because we did not deliver the high 349 levels of current required to reach depolarization blockade of APs, associated with 350 maximal firing rates (eg, (Pilarski et al. 2011 ). Of the above features only rheobase 351 current differed: specifically it was increased in spa (Table 2) . Thus, spa HMs appear 352 less susceptible to being brought to spiking threshold, however, once activated HMs 353 in all strains respond similarly to depolarizing current modulation. 354
355
Responses to hyperpolarizing current injection 356
We next examined the response of HMs to hyperpolarizing current injection as this is 357 often examined in motoneurons to assess the properties of the hyperpolarization-358 activated mixed cationic inward current (I h ). This current is highly expressed in adult 359
HMs (Bayliss et al. 1994) and spinal MNs (Takahashi 1990 ) and plays a role in 360 regulating AP discharge by modulating the amplitude and time course of synaptic 361 inputs (Reyes 2001). The response of HMs to hyperpolarisation was assessed via 362 injection of hyperpolarising current steps (-50 pA increments, 1 s duration) until peak 363 membrane hyperpolarization reached -110 mV. Depolarizing 'sag' was used as an 364 index of I h magnitude and was quantified as the ratio of the peak hyperpolarized 365 membrane potential at the outset of the hyperpolarizing current pulse to that at the 366 termination of the pulse (Fig. 4A solid and open arrowheads) . Sag ratios did not differ 367 across the four genotypes, however, more current was required to hyperpolarize spa 368
Upon removal of the hyperpolarizing pulses, all HMs exhibited some degree of 372 rebound depolarization. This was of sufficient magnitude in some neurons to elicit 373 spiking ( Fig. 4A left panel) . The proportion of neurons exhibiting rebound spiking 374 was greater in spd compared to wt animals (Fig. 4B ). These data suggest there is a 375 selective change in the currents activated by the release from hyperpolarization in spd 376
HMs. 377 378
Responses to triangular current ramps 379
We also measured the response to triangular ramp current injections (1 nA Figure 5A shows an example response in a wt HM to triangular 384 current injection and Figure 5B shows the associated F/I plot for the rising and falling 385 phases of the current injection. As outlined in the Methods, ΔI (current at cessation of 386 spiking minus current at onset of spiking) was calculated for each neuron to provide 387 an indirect assessment of the influence of two competing forms of active 
Properties of GABAergic mIPSCs 406
GABAergic mIPSC propeties were investigated in a separate series of experiments 407 because intrinsic properties and inhibitory synaptic currents cannot be studied with 408 the same internal pipette solution. mIPSC data were obtained from 58 HMs from 21 409 animals (wt = 7; spd = 5; spa = 5; and ot = 4). As in our experiments on intrinsic 410 membrane properties every effort was made to age match animals, however, spd 411 animals were slightly older than wt animals (27.3 ± 0.7 vs 20.0 ± 0.2 days). 412
413
The properties of GABAergic mIPSCs in the four strains are summarized in Table 3 GABAergic mIPSC amplitude observed in spa and ot HMs suggests some sort of 436 synaptic "compensation" has occurred in an attempt to maintain an appropriate level 437 of inhibitory drive that contributes to the survival of spa animals but fails in the lethal 438 ot mutant. Our major findings are summarized in Figure 7 and suggest, baring the 439 changes we observed in delta-I, that the altered intrinsic and synaptic properties in the 440 spa and ot mutants are consistent with some form of homeostatic plasticity in 441 response to reduced glycinergic inhibition. In contrast, the increased rebound spiking 442 observed in the spd mutant is not consistent with homeostatic plasticity. 443
444
Previous work on intrinsic homeostatic plasticity in GlyR mutants 445
It is now well accepted that 'homeostatic plasticity' prevents hypo-or hyperactivity in 446 neural circuits and that such plasticity can occur via modification of a neuron's 447 intrinsic properties and/or its synaptic inputs (Turrigiano 1999). Biscoe and Duchen 448 in MVN neurons from all three mutants. These results differ to our study in three 466 ways. First, the changes in intrinsic properties of HMs differed markedly across the 467 three genotypes. Second, we found no evidence for altered gain in current/frequency 468 plots in HMs (Fig. 3C) . Finally, we found the minimum current needed to elicit 469 repetitive discharge (ie, rheobase) shifted to higher values in spa mutants. 
Differences in intrinsic properties in GlyR mutants 477
One of the major findings of our study was that the intrinsic properties of HMs differ 478 in the three GlyR mutants. In spa, numerous intrinsic properties were altered whereas 479 changes in spd and ot animals were more limited. Some explanation for the different 480 forms of plasticity lies in the effect of each mutation on GlyRs and inhibitory 481 conductances. For the lethal ot mutant the explanation seems straightforward. The 482 only changes in intrinsic properties we observed was a slightly elevated threshold for 483 AP generation and a more negative ΔI ( and enhance HM excitability, respectively. Whatever the net effect of these changes, 485 even when combined with increased GABA A ergic drive (Table 3 , Figures 6B and 7) , 486 they are clearly not sufficient to overcome the effects of a complete lack of the adult 487 
1997). 489
In spd, the response to hyperpolarizing current injection was the only intrinsic 491 property that differed from wt HMs (Fig. 4) . Based on sag ratios (Table 2) I h was 492 similar in the four strains, however, rebound spiking at the offset of the 493 hyperpolarization step was more prevalent in spd HMs (Fig. 4B) . The increased 494 appearance of rebound spiking in spd HMs could be caused by changes in several 495 conductances, including low voltage activated or T-type calcium current, decreased 496 A-current, or altered sodium current expression (Berger 2000). Regardless, they had 497 no affect on RMP, input resistance or the gain of the F/I relationship (Fig. 3) in spd  498 HMs. In conclusion, the increased incidence of rebound spiking we observed in spd 499
HMs would increase excitability and is therefore not consistent with homeostatic 500
plasticity. 501 502
In contrast to the ot and spd mutants, HMs in spa mice exhibit numerous changes in 503 their intrinsic properties. These include lowered input resistance, increased rheobase 504 current, more depolarized AP threshold, and slower AHP current decay time. 505
Together, these changes would decrease the likelihood of AP discharge during periods 506 of excitatory synaptic input and are consistent with homeostatic plasticity. The more 507 profound intrinsic adaptations in the spa versus spd mutant may be explained by 508 several observations. First, the spa mutation results in a greater reduction in 509 glycinergic drive to HMs. This may activate homeostatic mechanisms to maintain HM 510 output at appropriate levels. We have some evidence for such intrinsic plasticity in 511 dorsal horn neurons. In spa neurons the A-type potassium current is increased 512 There were significant differences in the magnitude of ΔI between wt and the spa and 528 ot mutants (Fig. 5G) . In spinal MNs a key indicator of PIC activation is a relatively 529 large and negative ΔI. Surprisingly, ΔI was negative in the spa and ot mutants and 530 positive in wt HMs. This might be interpreted as a modest increase in PIC expression 531 in the spa and ot mutants. This would lead to increased excitability of spa and ot 532
HMs: a finding not consistent with homeostatic plasticity. However, the influence of 533 firing rate adaptation also needs to be considered in the overall interpretation of ΔI. 534 were driven with the same triangular ramp current. Thus, factors like the more 539 leftward-shifted F/I curve in wt versus spa and ot HMs (Fig. 3C ) mean wt HMs were 540 driven to fire at higher frequencies during our triangular ramp current stimulus. This 541 could led to greater firing rate adaptation in wt HMs, and contribute to their positive 542 ΔI. Future experiments, using ramps that will drive maximal AP firing, are needed to 543 dissect out the effects of firing rate adaptation and PIC enhancement. 544
545
GABA compensation in spa and ot mice 546
The increased GABAergic mIPSC amplitude in the spa and ot mutants suggests 547 robust GABA compensation occurs in HMs (Figures 6 and 7, Table 3) . Surprisingly, 548
GABAergic compensation does not occur in HMs in the spd mutant. This result is 549 similar to our previous work on the three mutants in the spinal dorsal horn. In dorsal 550 horn neurons we found that, like the present data on HMs, diminished glycinergic 551 drive was accompanied by a compensatory increase in GABAergic drive in spa, but 552 Together, these factors would significantly reduce total charge transfer during 563 synaptic activation. Thus, it is surprising that GABA compensation does not occur in 564 this mutant. One explanation is that the amplitude of glycinergic inputs, not their time 565 course, is the most important factor in ensuring appropriate glycinergic drive is 566 delivered to the HM motor pool. 567
568
For the spa mutation GlyR expression is reduced to 20-30% of controls (Becker 1990 ; 569
Kling et al. 1997; White and Heller 1982). At the receptor level glycinergic mIPSC 570
amplitude is reduced to ~ 30% of control but channel kinetics are unchanged ( Table  571 1). GABA compensation is significant in this mutant (~ 30%, Table 3 ) and this 572 increased GABAergic drive is consistent with homeostatic plasticity in the face of 573 reduced GlyR function in the spa mutant. As noted above, there is evidence for 574 similar homeostatic synaptic plasticity in dorsal horn neurons (Graham et al. 2003) . 575
This compensation does not, however, occur in all CNS neurons because there is no 576 evidence of GABA compensation in presumptive spinal MNs in the spa animal. 577
Rather, GABAergic drive was decreased, as assessed by the amplitude of evoked 578
IPSCs (von Wegerer et al. 2003) . Thus, the interplay between the major inhibitory 579 synaptic transmitter systems (glycine and GABA) is complex and maybe region 580 specific. 581 582 GABA compensation is even greater (~ 40%, Table 3 ) in ot HMs, and is also 583 consistent with homeostatic plasticity in the face of reduced GlyR function. The ot 584 mutation is, however, lethal. Perhaps the failure of GABA compensation to "rescue" 585 the mutation is the complete lack of the adult form of the GlyR (ie, α1/β) in ot 586 animals >P14 (Kling et al., 1997). Even though some glycinergic mIPSCs can beinfrequent (Table 1 ). In short, the level of glycinergic inhibition they provide is 589 insufficient to support normal motor output in the HM brainstem circuitry. 590 591
Conclusions and future directions 592
Neural networks must maintain stability in the face of constantly changing synaptic 593 inputs, and it is now well established that the nervous system can compensate for 594 changes in synaptic drive to maintain appropriate AP discharge (Nelson and 595 Turrigiano 1998). In the spd, spa and ot mutants there is a significant reduction in the 596 level of glycinergic inhibitory drive to neurons within the spinal cord and brainstem. 597
This causes severe motor dysfunction in the form of a "startle" syndrome-like 598 phenotype (Simon 1997) . We have demonstrated that the intrinsic and synaptic 599
properties of HMs in the spa mouse undergo compensatory changes (ie, homeostatic 600 plasticity) that could reduce neuronal excitability to levels required for essential 601 behaviours (like chewing and swallowing). Such homeostatic plasticity was also 602 observed to a lesser extent in the lethal ot mutant, in the form of GABA 603 compensation, but this is insufficient to maintain HM excitability at levels compatible 604 with life. Homeostatic plasticity, however, was not observed in the spd mouse. This 605 suggests that developmental adaptation to reduced glycinergic inhibition is more 606 complex than just homeostatic plasticity. (n = 23) 0.9 ± 0.1 71.7 ± 3.5 4.9 ± 0.2 1.6 ± 0.3 
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